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In Situ X-Ray Scattering Helps Optimize Printed Solar Cells

Plastic solar cells that can
be printed on flexible sheets
with an ink-like solution show
a lot of potential as a source
of lightweight,
renewable energy. However,
much of the power-conversion
efficiency of such cells gets lost
in the translation from small-
scale lab studies to large-scale
manufacturing processes. To
help gain an understanding of
why that happens, researchers
have developed at the ALS a
miniature version of an indus-
trial-style (“slot-dye") printer
that can operate in an x-ray
beamline. With this capability,
researchers can, for the first
time, apply grazing-incidence
x-ray diffraction (GIXD) and
grazing-incidence small-angle
x-ray scattering (GISAXS)
to characterize active-layer
formation in real time and at
multiple length scales.

Plastic solar cells, or organic
photovoltaics (OPVs), consist of
an active layer of charge-donor
and charge-acceptor materials
sandwiched between a pair of
electrodes. Light is absorbed by
the active layer to produce an
exciton, a bound electron-hole
pair, that diffuses to the donor/
acceptor interface. There, the
exciton converts into an elec-
tron and hole, and the two
diffuse through continuous
domains of electron and hole
conductors to opposite elec-
trodes, generating a current.

inexpensive

The evolution of morphology. (I) At the start, the solution is well

dissolved. (II) The quick removal of one solvent leads to

aggregation of polymer content (including swelled crystals or

other forms of aggregations). (I1l) With further solvent removal,

aggregations line up and connect to form fibrils; a quick

crystallization is usually seen in this stage.

As can be imagined, the
morphology  or  structure
requirements to produce an
efficient device are very
demanding. The active layers
are generally produced by solu-
tion-coating techniques that
involve many rate-dependent
processes such as solvent evap-
oration, phase separation, crys-
tallization, and segregation of
the components to the top and
bottom of the film. As a conse-
quence of these processes
occuring at different rates, the
active layers can become
"trapped” in states very far
removed from equilibrium,
creating a major impediment to
commercial fabrication. While
we can characterize OPV

structures in the laboratory
and correlate the structures to
performance, scaling up for
manufacturing has been a
major hurdle.

To address this challenge,
researchers have constructed a
slot-die
system that mimics commer-

miniature coating
cial coaters and that can be
installed directly into Beam-
line 7.3.3 at the ALS, where in
situ xray scattering and
diffraction can be performed
as active-layer films are being
coated onto either rigid or flex-
ible electrode surfaces. Impor-
tantly, this mini-slot-die coater
uses very small amounts of
material, allowing the rapid
and inexpensive screening of a
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large number of different mate-
rials. With the mini-slot-die
coater in the x-ray beamline,
researchers can watch the
development of structures at
size scales ranging from
angstroms to thousands of
angstroms under different
drying conditions, and they can
tune and balance the rate of
solvent evaporation, phase
separation, and crystallization



Watching the Ink Dry

Flexible, lightweight, and inexpensive, plastic solar cells
(known as organic photovoltaics, or “OPVs” for short) can
conceivably be used in all manner of ways, from solar-powered
bus shelters, tents, and backpacks to lamps for light-starved
rural areas. One hurdle to overcome, however, is that OPV
samples produced in the lab often perform better than those
printed in mass quantities. Lab samples are typically pre-
pared by depositing an OPV solution onto a spinning sub-
strate to spread the solution into a thin film (spin coating). In
commercial roll-to-roll printing, the OPV “ink” is deposited
through a slotin a metal die onto a scrolling substrate (slot-die
coating). The two processes are fundamentally different in

terms ofthe solvent evaporation rate, which is critical in deter-

mining the OPV’s microscopic and nanoscopic structure.

To address this issue, Liu et al. found a way to fit a miniature
slot-die printerinto an x-ray beamline atthe ALS so that they
could literally watch the structure evolve as the OPV ink
dried. The laboratory-scale mini-slot-die coater can be used
to fabricate OPV devices with efficiencies comparable to
those of classic spin-coated materials, bridging the gap
between academic laboratory and industrial manufacturing
settings and providing a route to device optimization.

to optimize performance on
exactly the same devices for
which they have the structural
data. This represents a tremen-
dous advance because, using
only small amounts of material,
they can discover exactly
the chemical structure and
processing conditions that will
yield the best OPV device.

As an example, the
researchers reported results for
a solution of a donor polymer
(DPPBT) and a complementary
acceptor (PCBM), dissolved
in chloroform (CF) and
1,2-dichlorobenzene (DCB) in
several different concentrations
(DCB = 5, 20, and 50 vol%).
The GIXD and GISAXS data
indicated that both phase sepa-
ration and polymer ordering
happened faster at lower DCB
concentrations. In the case of
5% DCB, the rapid removal of
the more volatile CF quickly
concentrated the DPPBT:PCBM
mixture well past the solubility
limit, forcing a phase separation
prior to crystallization of the

DPPBT. Thus, the process
through which the nanostruc-
in the printing
process—a competition between

ture forms

crystallization and phase sepa-
ration—is well tracked by in
situ beamline experiments
performed at the ALS. The
average efficiency for this OPV
was found to be 5.2%, among
the highest for coated or printed
solar cells. Knowledge about the
morphology of the film with
these exceptional results can
subsequently be used to cali-
brate other systems.

\

,c-‘ident
%Rays

The ALS mini-slot-die coating
system.
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In situ GIXD (top) and GISAXS (bottom) scattering profiles of
DPPBT:PCBM solution with varying proportions of the solvents
CF and DCB (5%, 20%, and 50% DCB). X-rays were continuously
applied during the film coating and drying process. The exposure
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time is5sforeach frame. The colorscale baristhe frame number.
From this data, the researchers can extract information about
packing of DPPBT chains, intermolecular distance, domain-to-
domain spacing, and solvent residue.
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More ALS science highlights can be found at www-als.Ibl.gov
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